which include genes involved in the biosynthesis and modification of lipopolysaccharide, 30 putative prophage genes, restriction modification components and hypothetical genes. 31
. The cag pathogenicity island (cagPAI), which 79 contains a type IV secretion system, is capable of delivering the bacterial onco-protein CagA 80 into host cells (22) . The translocated CagA has been associated with different gastric diseases 81 such as ulcers, metaplasia and cancer (23, 24) . The cagPAI is likely to have been horizontally 82 transferred into the H. pylori genome from an unknown source as it has hitherto not been 83 found in closely related Helicobacter species (11). Indeed, almost one third of isolates are 84 cagPAI negative in some H. pylori populations (11, 25) . For example strains B38 and 85
SouthAfrica7 have been fully sequenced and are cagPAI negative (26). A second putative 86 T4SS, called the comB cluster is required for DNA uptake during natural transformation of H. 87 pylori (27, 28) . 88
In 2003, Kersulyte et al reported a gene cluster of T4SS in H. pylori's low GC region and 89
named it tfs3 (the third putative T4SS) (29). More recently, low GC regions encoding 90 virulence gene clusters were described by Kersulyte et al as complex novel transposable 91 elements that have slightly different functions depending on the gene content of the 92 transposons (30). Separately, a duodenal ulcer-promoting (dupA) gene located in a low GC 93 region was described as a novel virulence factor (31) and associated with IL-12 induction in 94 monocytes (32). However, the association of duodenal ulcers with a single gene (dupA) is 95 equivocal in different human populations (33) (34) (35) . A recent study shows that the intact cluster 96 of dupA including adjacent vir homologue genes has a higher reliable association with disease 97 outcomes (36). Therefore, the complete structure of the dupA cluster is possibly the key to 98 investigating this potential virulence factor. In 2010, Fischer et al demonstrated that one of 99 the low GC regions that encodes a novel T4SS is capable of self-excision and horizontal 100 transfer by a conjugative process (18) . A more recent study has shown that three distinct 101 pathways of plasmid DNA transfer between H. pylori have played an important role of 102 horizontal gene transfer (37). Vacuolating cytotoxin A (VacA) is another extensively studied 103 H. pylori virulence factor. It is present in all H. pylori strains and has multiple alleles that 104 have been associated with different levels of disease (38) . 105
Indigenous people in Western Australia have been shown to have high levels of H. pylori 106
infection with an overall prevalence in one study of 76% (39). We began isolating strains of H. 107 pylori from Western Australian patients in 1997 to study their relatedness to each other and to 108 those from other regions over the world. It was demonstrated that some isolates from 109
Aboriginal subjects are unique and these have been grouped as a new subpopulation type 110 H. pylori isolate, Sahul64, was cultured from gastric samples collected by endoscopy (Table  131 1). To determine the phylogenetic group of this strain, we concatenated seven housekeeping 132 gene fragments from the PubMLST typing database (8) and, following Linz et al (2007) , built 133 a neighbor-joining phylogenetic tree ( Figure S1 ) (8). We also included data from 39 whole-134 genome sequenced strains, including Sahul64, when constructing the phylogenetic tree. These 135 data showed that Sahul64 belongs to the distinct population hpSahul and that a finished 136 genome representing this population is yet to be sequenced and published. To investigate the 137 evolutionary descent patterns described by MLST data using the application phyloviz (42), 138
we analysed previously sequenced MLST fragments of H. pylori plus our strain, Sahul64. 139
There are no identical concatenations of seven housekeeping gene fragments apart from 140 strains 2017 and 2018 ( Figure S2A ), which were both isolated from a West African patient. 141 Consistent with previous studies, H. pylori does not form a clonal structure (43). Further 142 analysis of the H. pylori strains stored in the PubMLST database by phyloviz, using the 143 goeBURST algorithm (44), showed a similar pattern of non-clonal evolutionary descent 144 ( Figure S2B ), thus confirming high genetic diversity in H. pylori species. 145
Pairwise protein BLAST alignment identifies both highly conserved and highly 146 divergent genes in Sahul64. 147
After annotating the complete genome, we determined if novel features of the Sahul64 148 genome exist. To this end, we performed BLASTP pairwise alignment of the coding 149 sequences (CDS) in Sahul64 with the annotated CDS in the 38 publically available H. pylori 150 genomes (Table 2 ). This method was used to identify both conserved and divergent genes in 151 the Sahul64 genome. We analysed the percentage of amino acid identity for all BLAST hits, 152 chose the highest bit score for each CDS and plotted the scores in descending order (Figure  153 1A). Ninety-five percent of the genes had higher than 87.99% BLASTP amino acid identity. 154
We then set this value as the cut-off for the most highly divergent genes and analysed the co-155 localisation in the genome of the genes whose best match was below this cut-off ( Figure 1B) . 156
This analysis has identified 85 putative highly divergent Sahul64 genes, 38 (44%) of which with the small subunit of a phage terminase and prophage integrase respectively (Table S1) . 186
This evidence suggests these two groups of genes may be the remnants of a single 187 bacteriophage insertion followed by subsequent genomic rearrangement. 188
Annotated CDS with low sequence identities to virulence associated genes 189
Virulence factors of H. pylori are also highly diverse and this diversity has been associated 190 with different disease outcomes (48, 49 (Table S1) . 201
Annotated CDS with limited sequence identity described as hypothetical CDS 202
Thirty-eight gene products with sequence identity below the 87.99% cut-off have been 203 (Table S1 ). Genes coding 210 for proteins exposed to the host immune surveillance often evolve at a rapid rate. To 211 determine if these nine genes were under selective pressure (10), we calculated their d N /d S 212 ratio (ω) compared to the best hit of the translated 38 reference genomes (Table S3) 
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To estimate the number of genes present in every H. pylori genome (i.e. the core genome) we 223 included in this study an analysis of finished and published strains (Table 4) . We performed 224 an orthologous comparison analysis between Sahul64 and 38 strains available from the NCBI 225 genome database when this study started (Oct, 2012) . The orthologous group number was 226 then plotted as a function of the number n of strains sequentially added (Figure 2 ). The results 227 revealed a smaller than expected core genome of 1063 genes common across all the 39 228 genomes. This core genome size is significantly lower than 1223-1237 core genes estimated 229 in prior publications and is lower than the extrapolated number of 1100 predicted after the 230 addition of more sequenced genomes (16, 18, 28) . We also compared the core-genome size in 231 different phylogeographic populations ( Figure S4 ), which showed no significant difference 232 between each population in terms of core orthologous groups. 233
In order to examine the metabolic pathway genes of the core genome calculated in this paper 234
we mapped 1063 core genes onto H. pylori 26695 metabolic pathway summarized in BioCyc 235 database using Pathway Tools v17 (52). Currently there are 127 curated metabolic pathways 236 in H. pylori 26695 (For an overview, see Figure S5 ). The database for H. pylori is curated to 237 the Tier 2 level, which is lower than the intensively curated Tier 1 (containing E. coli). 238
Pathways that are present in the H. pylori 26695 genome but not complete are represented in 239 the diagram with the caveat that those missing components are colored in grey. In our data, 240 332 genes mapped to the 127 pathways described in pathway tools. 241
Transport genes in the core genome 242
Thirty-seven of the 41 genes of transporters present in the BioCyc database are in the core 243 genome described in this study (Figure S5 and S6) . The genes of four transporters are not in 244 the core genome, including the glycine betaine transporter proP, the serine transporter sdaC, 245 the C4-dicarboxylase transporter dcuA and the copper transporter, copA. 246
Amino acid biosynthesis pathways 247
Of the 28 amino acid biosynthesis pathways described in H. pylori, 15 are not completely 248 annotated because the genes for many reaction steps are not identified (grey arrows in Figure  249 S6). In our data, of the genes that are known to perform steps in amino acid biosynthesis, only 250 10 of the putative 116 required genes are not present in the core genome. These involve the 251 lysine, leucine, glutamine, glutamate, methionine and proline biosynthesis pathways. 252
Glutamine and glutamate biosynthesis can be performed by multiple pathways; therefore 253 functional duplication has most likely lead to loss of function in some genomes. Interestingly, 254 on October 14, 2017 by guest http://jb.asm.org/ Downloaded from the proline transporter is present in the core genome, suggesting that this may be the preferred 255 method for acquisition of proline and the reason for the loss of this biosynthesis pathway from 256 the core genome. There are two methionine biosynthesis pathways, likely leading to 257 functional redundancy and loss from the core genome, and the HP0130 gene most likely 258 performs the L-homocysteine to methionine reaction, as this is present in the core genome. 259
The alternative path for this reaction (performed by HP0030) is not present in the core 260 genome. Methionine can also be derived from N-formyl-methionine by the polypeptide 261 deformylase that is present in the core genome. The gene encoding the diaminopimelate-262 decarboxylase is the final step in the synthesis of lysine and this gene is not present in the core 263 genome, however, an amino acid ABC transporter is present in the core genome and may 264 account for this apparent loss of function in the lysine biosynthesis pathway by transporting 265 lysine into the cell. 266
Other processes 267
Aromatic compound biosynthesis, respiration, cell wall biosynthesis, the ppGpp biosynthesis 268 pathways, the nucleoside and nucleotide biosynthesis pathways and the CMP-N-269 acetylneuraminate biosynthesis II pathway are present in the core genome. 270
The pan-genome 271
The pan-genome, which represents the global gene repertoire of H. pylori species, is 272 estimated to contain 2238 genes when the 39 strains are included for analysis (Table 2) . are only found in Sahul64 and they are included as highly diverse genes in our analysis. 276
The Sahul64 genome is of similar size to other H. pylori genomes, is cagPAI negative and 277 encodes a dupA/virB4-homologue cluster 278
The H. pylori Sahul64 strain has a genome size of 1,644,274 bp with an average G+C content 279 of 38.76%. Thirty-six tRNAs were identified, organized into 7 clusters and 13 singletons. 280
Two separate sets of 23S-5S and 16S ribosomal RNAs have also been identified. The total 281 number of predicted genes is 1612. Sahul64 is a cagPAI negative isolate with a pseudo-vacA 282 s1m2 genotype. There are three low G+C regions (<35%) on the chromosome (Figure 3) . 283
Within the region one (499721bp-538720bp) a coding sequence (HPSAHUL64_02665) has 284 99% identity with the dupA gene, the product of which may be associated with the 285 development of duodenal ulcers (31). 286 on October 14, 2017 by guest http://jb.asm.org/
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The conserved cagPAI insertion site contains no remnants of the cagPAI. 287
Olbermann et al described that both cagPAI-positive and negative strains in the Sahul 288 population exist (11). The Sahul64 strain is cagPAI-negative and this represents the third fully 289 sequenced genome that lacks this region (after South Africa 7 and B38 (26)). In all sequenced 290 cagPAI positive strains, the cagPAI is inserted between gene murI (HP0549) and HP0519, 291 which exhibits a very conserved insertion site (23). Interestingly, in Sahul64, the expected 292 insertion site of cagPAI between hp0519-like gene (HPSAHUL64_05600) and murI 293 (HPSAHUL64_05605) contains no remnants of the cagPAI ( Figure S7 ) suggesting that the 294 cagPAI has never been present in this genome. 295
vacA and vacA-like genes in Sahul64 296
The genotype of vacA has been identified as s1m2, this genotype is thought to be associated 297 with high gastric inflammation and duodenal ulceration compared to the s2m2 genotype (53). Unsurprisingly, the regions that were identified by the IVOM algorithm were very low GC 324
with an average composition of less than 35%. The average GC composition of Sahul64 325 whole genome is 38.8%, which is typical of H. pylori. Regions with lower GC content in 326 bacteria are putatively horizontally acquired and generally assumed to be part of the accessory 327 genome. Given the spatial diversity and putative isolation of the Sahul population, we 328 compared these regions to the other sequenced genomes to determine if the low GC regions 329 formed part of the ancestral genome since the separation of the Sahul circa 30-40k years ago 330 (40). 331
Low GC Region 1 332
The first low GC region is located between two putative toxin-like outer membrane genes 333 HPSAHUL64_02525 and HPSAHUL64_02690 (see prior section on cytotoxic genes). There 334 are 33 CDSs in this region. This low GC region has been reported in other H. pylori strains; 335 however, this particular insertion site and flanking regions have not been previously reported. 336
For example, it is inserted into a restriction-modification system gene (hp0464, 26695 locus) 337 in strains P12, Shi470, F57, B8 and G27, while it is inserted into different hypothetical genes 338 in strains SNT49, SA7 and XZ274. Multiple sequence alignment of this region with other 339 sequenced strains (G27, F57, Shi470, SNT49, XZ274, SA7, P12, PeCan4 and B8) has 340 identified that it encodes the dupA (virB4 homologue) gene and a cluster of adjacent vir 341 homologue genes (Figure 4) (30) . In addition, this study determined at least two types of 342 dupA/virB4 homologue gene cluster (type 1 and 2) in comparable H. pylori genomes (Figure  343 4). These are differentiated by nucleotide sequence similarity of a dupA/virB4 homologue 344 gene and adjacent genes (virB2, virB3 and topA). A neighbor joining phylogenetic tree built 345 from a dupA/virB4 protein sequence alignment (Figure 5 ) further demonstrated the two types 346 of dupA/virB4 homologue genes. 347
Low GC region 2 348
The second low GC region is located between gene ftsZ (HPSAHUL64_02955) and 5S/23S 349 rRNA genes, which is a common insertion site for horizontally acquired genes (30 Joining phylogenetic tree illustrates that this region is likely to have been present in the 356 genome prior to spatial separation of H. pylori and that the nucleotide changes are consistent 357 with those observed in the core genome and MLST genes ( Figure S8B) . 358
Low GC region 3 359
The third low GC region is inserted into a type I restriction enzyme R subunit gene 360 (HPSAUL64_03695). In this region only an integrase/recombinase (xerT) gene has been 361 annotated by sequence identity, with the remaining putative genes having no sequence 362 identity to previously characterised genes. This region has high sequence identity to regions 363 encoded in strains ELS37, Gambia94/24, B8, P12 and Lithuania75 and homologous regions 364 are present in the two sequenced cetacean pathogen strains, H. cetorum MIT 00-7128 and 365
MIT 99-5656. Interestingly, the most similar region to Sahul64 third low GC region is present 366 in the hpEurope strain B8. This finding is inconsistent with the divergence of representatives 367 of B8 and Sahul64 core genomes with fewer SNPs per kilobase in this region than the MLST 368 genes (10.5 SNPs/kb; MLST genes 48.7 SNPs/kb). This region is therefore likely to have 369 been more recently horizontally acquired, or, its nucleotide content is more strictly controlled 370 than the core genome. A neighbor joining phylogenetic tree based on this regions can be 371 found in Figure S8C . The complicated association between H. pylori genetic diversity and its role in various 383 gastrointestinal disease outcomes has been investigated for many years (20). In our study, we 384 provide a further piece in the H. pylori genomic puzzle by fully sequencing a distant and 385 spatially isolated strain from the hpSahul subpopulation. We reported a finished high-quality 386 genome of H. pylori isolated from an Indigenous Australian in Western Australia with mild 387 gastritis. The strain represents a previously un-sequenced H. pylori population. 388
The genome of H. pylori is definitely one of the most diverse bacterial genomes. The 389 availability of complete genome sequences has provided sufficient data to evaluate the genetic 390 diversity between different strains. For example, the comparison of the two first sequenced H. 391 pylori genomes identified 7% of coding genes as being strain-specific (14). However, after 392 the addition of genomes from diverse human populations it is now apparent that there are far 393 fewer strain specific genes to be found. Our analysis has highlighted the functions of genes 394 that have diverged significantly in the Sahul population. The prophage genes, which were 395 most likely acquired during a single event, are maintained in the genome and are no longer 396 contiguous. Cell envelope proteins, especially those associated with LPS (LOS) biosynthesis 397 and modification are highly diverged when comparing the rest of the genes with the H. pylori 398 pan-proteome. There appears to have been significant divergence in some RM systems and a 399 large number of highly diverged hypothetical proteins have been annotated with unknown 400 function. We further analysed the cell envelope genes to estimate any evolutionary pressures. We analysed the pathways that were present in the core genome using Pathway Tools (52) 417 and found that not all transporters or biosynthesis pathways are present or complete in the 418 core genome. This is likely due to duplication and redundancy of biosynthesis pathways and 419 conserved transport mechanisms. A proline transporter is in the core genome, suggesting that 420 an abundance of proline-rich nutrients exist in the stomach, hence leading to degradation of 421 the more energy expensive proline biosynthesis pathway. Indeed, proline is a major 422 component of mucin, particularly gastric mucin 6, as well as many glutinous foods. Lysine 423 biosynthesis pathway is also not complete in the core genome. Lysine is an essential amino 424 acid in humans and would generally be acquired through the stomach suggesting that 425 acquisition rather than biosynthesis is also preferred for this amino acid. 426
The pan-genome size is also larger than previous calculations of 2070 genes (18). The 427 increasing pan-genome estimation in our analysis supports previous evidence that this species 428 has an open pan-genome, providing H. pylori a large dispensable gene pool which most likely 429 permits it the flexibility to successfully adapt to different human population hosts. 430
The high sequence diversity in H. pylori is also evident in the pattern of evolutionary descent. 431
The tool used in our analyses -phyloviz, using the goeBURST algorithm -only provides a 432 coarse-grained analysis as it is based on similarities between MLST profiles; a single 433 nucleotide change (which could be a synonymous mutation) will still give rise to a different 434 profile allele. Each profile contains only 7 alleles reflecting the 7 gene fragments. As a result, 435 H. pylori is predicted to be panmictic (56). We agree that a more accurate assessment 436 describes the pattern as weakly clonal, with evidence of phylogeographic clades being due to 437 founder effects and geographical separation (57). 438
The virulence factors cagPAI and vacA are the most two important virulence factors of H. 439 pylori (58). With the absence of whole cagPAI and frame-shifted vacA, Sahul64 is 440 genotypically likely to be a less virulent strain. However, the pseudogene of vacA is curiously 441 Low GC regions were first described by Alm et al when comparing the first two sequenced H. 452 pylori genomes (14). By using the IVOM algorithm, we were able to support the hypothesis 453 that these regions were horizontally acquired whilst also having lower GC content than the 454 average of the whole genome (< 35% compared with 39%). Low-GC regions usually harbour 455 many strain specific and putative accessory and virulence genes, including cagPAI genes and 456 other T4SS genes, and were thought to be acquired through horizontal gene transfer (14, 60) . 457
The cagPAI system and comB system are the most studied T4SSs in H. pylori. In the Sahul64 458 genome the cagPAI is absent, making this only the third complete H. pylori published 459 genome to be lacking this locus. The comB system, responsible for DNA integration, is 460 present and functional in Sahul64. A further two putative T4SSs, tfs3 and tfs4 were 461 characterized by Kersulyte et al in 2003 and Fischer et al in 2010 (18, 29) . We identified 462 three low GC regions in the Sahul64 genome. Low GC region 1 has high similarity with tfs4. 463
In this gene cluster we also found a putatively functional dupA gene that is a homologue of 464 virB4 and has, initially, been associated with duodenal ulcer development (31). Multiple-465 sequence alignment of these low GC regions with other genomes has revealed an intact gene 466 cluster of T4SS genes. The association of dupA with related clinical outcomes is equivocal 467 across many studies. This may be due the bifurcated nature of its phylogeny and warrants 468 further investigation. More recently, the presence of its adjacent vir genes has been 469 recognised as a more reliable virulence marker in H. pylori (36, 61, 62) . Evidence that the 470 intact dupA cluster was found in a less virulent strain with cagPAI absent and vacA a putative 471 pseudogene, has suggested that the particular dupA cluster found in these strains could be a 472 candidate marker for the prediction of related clinical outcomes. Currently, we only have one 473 sequenced Sahul strain from Indigenous Australians and more strains with full-length gene 474 clusters are required to draw a statistically reliable conclusion on such clinical associations. 475
Comparative genomic studies show that the cagPAI is either present as a putatively functional 476 cluster or absent without any obvious remnants. However, the other two T4SSs (tfs3 and tfs4) 477 Western Australia). H. pylori was initially isolated on brain heart infusion agar containing 5% 501 horse blood and mixture of antibiotics that is available commercially as Dent selective 502 supplement (Oxoid Ltd, Basingstoke, UK) at 37 °C in a microaerobic (5% O2, 10% CO2) 503 atmosphere for 7-10 days. Bacterial colonies were identified as H. pylori on the basis of 504 colonial morphology, positive urease, catalase and oxidase tests, and a Gram stain. 505
DNA preparation and genome sequencing 506
H. pylori strains were thawed from stock at -80 °C and cultured on blood agar plates 507 following standard culture protocol in our laboratory to obtain single colonies. Bacteria, 508 subcultured to increase yield and growth, were harvested from these plates. To obtain high 509 quality and quantity of chromosomal DNA for genome sequencing and routine PCR a 510 standard phenol-chloroform method was used to extract bacterial DNA. The genome of strain 511 Sahul64 was sequenced using the Illumina HiSeq 2000 platform at the Australian Genome 512
Research Facility (AGRF) with multiple libraries (500bp paired-end and 2kb mate-paired 513 libraries, with 100 bp reads) to resolve genome complexity. Additionally, a 6kb mate-paired 514 library was built and sequenced to solve the large repeats in the Sahul64 genome. The raw 515 data of each library was 340 Mb, 559 Mb and 597 Mb, respectively. The de novo assembly 516 using Velvet (version 1.05) generated 1 scaffold (5 contigs) with N50 of 1.6 Mb (63). PCR 517 was then performed to close four gaps within contigs and scaffolds. rRNA and tRNA 518 prediction were done by RNAmmer (version 1.2) and tRNAscan-SE (version 1.21) (64, 65) . 519
The protein coding region annotation was performed using Glimmer 3 (66). Rapid Annotation 520 using Subsystem Technology (RAST) and comparative annotation by Rapid Annotation 521
Transfer Tool (RATT) were used for annotation and then manually curated (67, 68). genomes were then compared and visualized by genoPlotR (70), which is an R package 531 designed for creating publication-grade linear maps of genes and genomes. 532
Estimation of evolutionary selection pressure 533
To analyse the nucleotide diversity and to estimate putative evolutionary selection pressure, 534 pairwise alignments between nine diverse cell envelope genes and their best hits among 38 535 genomes have been done using CLUSTALW 2.1. Codon alignment format of these diverse 536 genes have been generated using a Perl script PAL2NAL (71). CODEML program (M0 537 model) from PAML package was used to calculate the d N /d S ratio of each gene (72). 538
Core genome determination 539
OrthoMCL (http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi) was used to perform 540 orthologous group analysis (73). We included 38 released genomes from NCBI and Sahul64 541 in this study to determine orthologous groups. First, the proteomes from 39 H. pylori strains 542
were prepared for an all-against-all BLASTP analysis, and then putative pairs of orthologs or 543 paralogs were determined by reciprocal BLAST. OrthoMCL then used a Markov Cluster 544 algorithm (MCL) (http://www.micans.org/mcl) to calculate a set of clusters, each of which 545 contained a set of orthologs or recent paralogs. The default parameters (cut-off E-value 1e-50 546 and 50% identity over 80% of both protein sequences) for OrthoMCL to perform BLAST and 547 following clustering steps were used in this study. Core genome was then determined by the 548 orthologous groups, in which all 39 strains are present in each group. 549
Phylogenetic analyses 550
Multiple sequence alignment of MLST data from both PubMLST database and the 38 551 
